We report a density functional theory (DFT) study of the electronic structure of V 2 O 3 in both bulk and nanowire form. In particular, our study is focused on the role of spin polarization and electronic correlations, as computed within the local (spin) density approximation (L(S)DA) and the LDA+U formalism. As expected for a mean-field approach such as DFT, our optimized bulk V 2 O 3 structure is shown to be metallic in nature, while an adequate choice of the Hubbard U parameter (U = 4 eV) is enough to open the band gap, making the system insulating. However, this formalism predicts a non-magnetic insulator, as opposed to the experimentally observed anti-ferromagnetic structure, to be the ground state. The electronic structure nature of the V 2 O 3 nanowire system is much more complex, and it is strongly dependent on the surface termination of the structures. Our results show that non-spin polarized LDA calculations of <001> grown nanowires are metallic in nature. However, LSDA predicts some surface terminations to be halfmetals, with a large band gap opening for one of the spins. When LSDA+U was used to study the nanowire model with a closed-shell oxygen surface termination, we observe insulating behavior with no net magnetic moment, with a 104 meV band gap. This is consistent with the experimentally observed gap recently reported in the literature for similar wires. To experimentally address the surface structure of these nanowires, we perform surface specific nano-Auger electron spectroscopy (AES) on as-synthesized V 2 O 3 nanowires. Our experimental results show a higher O: V peak ratio (1.93: 1) than expected for pure V 2 O 3 , thereby suggesting a higher oxygen content at the surface of the nanowires. From our results, we conclude that oxygen termination is likely the termination for our as-synthesized V 2 O 3 nanowires. 
I. Introduction
As technology advances, the demand for miniaturization continues to amplify, driving the need for the fabrication of device components measuring on the order of nanometers. However, within this size range, quantum mechanics begins to play a more prominent role, one which can neither be ignored nor considered lightly. Not surprisingly, research has aimed toward the active manipulation of spin degrees of freedom, otherwise known as spintronics, in order to create the next generation of electronics. 1, 2 As such, to achieve the spin-polarization required for spintronics, a great deal of interest has focused on half-metals, which are conductive in one spin orientation, while insulating (or semiconducting) in the other spin orientation. 3, 4 With the goal of producing viable nanoscale devices, half-metals that are low-dimensional in morphology are highly desirable, due to a decrease in the surface reconstructions and corresponding changes to states near the Fermi level that can lead to the destruction of the half-metallic behavior of the intended system. As such, numerous theoretical and experimental investigations have been conducted to determine feasible systems for spintronics applications.
One-dimensional (1D) nanostructures are one of the most commonly explored nanoscale morphologies and their inherent structural anisotropy can lead to unique and interesting optoelectronic and transport properties. In addition, many of these prospective systems contain vanadium, such as vanadium organometallics, [5] [6] [7] chalcogenides, 8 VO x , 9 VO 2 , 10 and V-doped systems. [11] [12] [13] Interestingly, vanadium-containing systems, especially the family of vanadium oxides, are notorious for possessing complex electronic structures, thereby giving rise to a wide range of attractive magnetic, electronic, opto-electronic, and electrochromic properties. 14, 15 Recently, one of our groups synthesized V 2 O 3 nanorods, measuring approximately 64 nm in diameter, which, upon further characterization, revealed interesting transport data. Specifically, the as-synthesized nanorods exhibited semiconducting behavior from 80 K to 300 K, which had not been reported previously for their bulk counterparts. At room temperature, the nanorods display metallic-like behavior which is similar to what is expected for bulk V 2 O 3 . Hence, we concluded that our V 2 O 3 nanorods possess a small band gap of about 25 meV, given the observed semiconducting behavior at low temperatures and the metallic-like behavior at temperatures at or above room temperature. Thus, our motivation was to investigate the nature of this electronic behavior for 1D nanoscale V 2 O 3 and to draw conclusions for other analogous 1D vanadium oxides, so as to explore the applicability of this family of materials for spintronics devices.
Of the family of vanadium oxides, vanadium sesquioxide (V 2 O 3 ) has drawn significant attention because it also exhibits two metal-to-insulator transitions (MIT), which are considered as classic examples of Mott transitions. 16 Initially, at room temperature, V 2 O 3 is a paramagnetic metal (PM) but upon cooling, changes to an antiferromagnetic insulator (AFI) at T N = 168 K.
Moreover, it can undergo a transition to a paramagnetic insulator (PI) phase upon doping with either chromium or aluminum, or by varying pressure. 17, 18 Along with the metal-to-insulator transition from PM-AFI, V 2 O 3 undergoes a structural transformation. Specifically above T N , it exhibits the corundum-type structure (space group c R − 3 ) 19 and below T N , V 2 O 3 converts to a monoclinic structure (space group I2/a). 20 Arising from its magnetic, electronic, and structural transitions, the applications of vanadium sesquioxide can be expanded so as to include conductive polymer composites, temperature sensors, and current regulators. 21, 22 Despite the large interest in V Herein, to address these concerns, we have performed computational investigations on both the structural and surface termination effects on the electronic structure of 1D corundumtype V 2 O 3 nanowires. The goal of our study has been two-fold. On the one hand, we aim to reanalyze the electronic structure of bulk V 2 O 3 using a basis set of localized atomic orbitals, as well as including spin polarization and electronic correlations (within the LDA+U formalism) in our calculations. This first part (I) of our work therefore will serve as a validation of our method.
In the second part (II), we would like to characterize the electronic structure of V 2 O 3 nanowires as a function of their surface termination in order to interpret our previous experimental results and to investigate their potential as candidates for spintronic applications.
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II. Theoretical Methodology and Constructs
Electronic structure calculations were conducted using density functional theory (DFT) methods 46, 47 within the local density approximation (LDA) for both bulk and nanowire vanadium oxide systems using a basis set of strictly localized atomic orbitals to expand the Kohn-Sham eigenstates, as implemented in the SIESTA code. 48 We use a double-ζ polarized basis set and Troulier-Martin norm conserving pseudopotentials. 49 Structural information for the bulk V 2 O 3 system was taken from crystallographic data provided by Robinson and has been ascribed to the corundum-type structure (Figure 1 ), 50 which is similar to the crystallographic structure proposed by Dernier. 19 As discussed by Mattheiss, 51 there are two distinctive choices for the unit cells of the V 2 O 3 structure: non-primitive hexagonal and primitive rhombohedral.
The non-primitive hexagonal cell was used in these calculations and contains 6 formula units, consisting of a total of 30 atoms in the unit cell. We also carried out LDA+U calculations with SIESTA. 63 The LDA+U implementation consists of a simplified rotationally invariant LDA+U formulation 48 coupled with both ferromagnetic and anti-ferromagnetic ordering. Moreover, we also studied the effect of the electric Coulomb repulsion parameter, 'U', in our calculations, varying it from 2.0 to 4.0 eV, given the empirical character of this particular parameter. 47 In the case of spin-polarized calculations, the system was initialized with spin-polarization but with a net magnetic moment of zero, corresponding to a 50: 50 population of spin up and spin down polarizations at every atom. However, we note that other initial spin configurations were not investigated; therefore the possibility that the results are dependent on the initial spin configuration has not been considered in this work. 
III. Theoretical Results and Discussion
A. Bulk V 2 O 3
i. LDA
We computed the electronic structure of bulk corundum-type V 2 O 3 , in order to obtain a basis of comparison with V 2 O 3 nanowires. Since our methodology was similar to the work of both Mattheiss 51 and Eyert et al., 52 our goal was in producing results for bulk V 2 O 3 in good agreement with both of these prior studies. However, our initial partial V 3d density of states (DOS), shown in Figure 2 and derived from the bulk V 2 O 3 structure of Robinson, did not evince any good separation between the two sets of bands as compared with the previous studies of both Mattheiss 51 and Eyert et al. 52 The lattice parameters were systematically varied so as to determine the lowest energy structure using non-spin polarized and subsequently spin polarized calculations. The optimized lattice parameters from LDA calculations are shown in Table 1 , along with the crystallographic data obtained from Robinson 50 and Dernier, 19 revealing that the most significant difference is in the 'a' value for our optimized bulk structure, specifically obtained with the LDA treatment. Differences between theory and experiment can be ascribed both to DFT approximations as well as to the incompleteness of our basis set.
The electronic band structure results from non-spin polarized LDA calculations on the optimized bulk V 2 O 3 structure in Figure 3A are shown to be in good agreement with the literature, indicating that the material is metallic in nature, which is an expected result from standard DFT calculations. Moreover, we observe three major sets of bands near the Fermi level (E F = 0 eV), from -9.1 eV to -3.8 eV (data not shown), from -1.26 eV to 1.4 eV, and from 2.2 eV to 4.7 eV, respectively. The energy ranges for these bands are also consistent with previous electronic structure calculations on V 2 O 3 . The origin of the first set of bands, which is not shown in Figure 3A , can be attributed to the O 2p states. The upper two sets of bands are derived from the V 3d states, specifically the t 2g and σ g e states, respectively, as confirmed by subsequent partial density of states (DOS) calculations (data not shown). In addition, calculations including spin-polarization were conducted on the optimized bulk structure. The results, shown in Figure   3B , are inherently similar to their non-spin counterparts; the electronic bands and DOS maintain the same structure with more bands present.
ii. LDA+ U LDA+U calculations for bulk V 2 O 3 show much better agreement with the experimental values for lattice parameters (see Table 1 ). This fact can be attributed to the inclusion of on-site
Coulomb repulsion, which increases the distance between atoms. We also observed that as 'U' increases, the cell parameter 'a' increases, while parameter 'c' decreases, as shown in Table 2 .
The reason for this observation is that the 'U' correction affects V 3d π and σ bonds in different ways. As shown in Figure 1 , neighboring vanadium atoms in the ab plane form a 3d π bond. As 'U' increases, the strength of π bonds (already weaker than σ bonds) is reduced. Hence, the vanadium atoms move away from each other. Along the z axis, strong σ bonding tends to reduce the distance between nearby ab layers as the V structure is an insulator.
iii. LSDA+U
Band structure results from the spin polarized LSDA+U calculations, conducted using spin-polarization with the net unit cell moment set to zero, are shown in Figure 5 . Figure 6 , and these are referred to as NW-V (148 atoms), NW-O1 (184 atoms), and NW-O2 (238 atoms), respectively. Further differences in these three nanowire structures will be discussed separately in the sections below, including variables 
b. NW-O1
The second nanowire, NW-O1, was constructed with the intention of modeling the O 3
surface termination and has a total of 108 oxygen atoms. The radius of NW-O1 is slightly larger than that of NW-V at 6.09 Å. However, the surface is not composed of O 3 molecules, but rather contains oxygen atoms which are bonded to either 2 or 3 vanadium atoms in bent and trigonal pyramidal geometries, respectively. Again, as with NW-V, all oxygen atoms have sufficient bonding to satisfy the O 2-ion, making all the oxygen atoms closed-shell. Thus, the surface herein is a chemically stable termination.
c. NW-O2
Lastly, NW-O2 was constructed as a model for the vanadyl (V=O) group terminated surface and contains 162 oxygen atoms, the most of the three nanowire structures analyzed. The O: V ratio of NW-O2 structure is the closest to our experiment data (1.93: 1) among the three structures studied. Since NW-O2 has the highest number of atoms, it is also significantly larger in the radial direction with a radius of 6.68 Å. Since the surface was designed with the intention of modeling the V=O groups, the surface is composed of oxygens bonded to vanadium atoms.
The bond lengths for these groups measure either 1.97 Å or 2.06 Å. The bond length of vanadyl groups has been previously studied and the threshold for the double bond is accepted at lengths shorter than 1.74 Å. 55 Since the bond lengths at the surface are above this maximum value, the groups at the surface of our nanowire consist of singly bonded oxygen atoms, leaving the exposed surface consisting of open-shell oxygen atoms. We can reasonably assume that the NW-O2 surface is unstable by comparison with the closed-shell V=O groups which we expected to model as the surface termination.
In order to investigate our V 2 O 3 nanowires, we independently studied the effect of (1) 'c', the unit cell length for the NW-O2 nanowire structure, (2) surface termination, and (3) structure relaxation on the resulting electronic structures. We should note that we only optimized the value of the 'c' lattice parameter for NW-O2 due to large surface stresses which prevented structural relaxation of the nanowires. NW-V and NW-O1 were more structurally stable and hence, 
ii. Effect of structural relaxations on electronic structure
Each of the as-constructed nanowires was relaxed to determine the minimum energy geometry and to thereby decrease the system stresses. Specifically, the system was relaxed until the overall forces were less than 0.1 eV/Å. Following the relaxation process, the band structure Table 3 .
a. NW-V
The resulting structure for the vanadium surface terminated nanowire in Figure 7 is very different from the initial construction, shown in Figure 6 . In fact, the surface atoms have compressed the nanowire in the xy direction, resulting in a narrower wire, with a radius of 5.23 Å as compared with the initial radius of 5.75 Å, translating to about a 10% decrease in size.
Additionally, the oxygen atoms closest to the surface in the initial as-constructed structure are now physically closer together and even protrude outwards from the surface of the nanowire.
This situation may suggest that the structure would be more stable with the oxygen atoms residing at the surface. In addition to lowering energy, the stresses within the system are in fact decreased upon relaxation. Closer analysis shows that the presence of vanadium atoms at the surface leads to a high total surface charge. While the vanadium atoms at the surface maintain a chemically stable closed-shell configuration, these data are consistent with the idea of this type of surface termination as being quite structurally unstable, in agreement with the idea of the reconstruction of the nanowire system during relaxation, leading to a net movement of oxygen atoms to the surface. Figure 7 is the lack of symmetry present in the final relaxed structure. It is clear that one side of the nanowire is more compressed than the other in the x and y directions. This lack of symmetry causes the opening of some small gaps, which appear as a result of the formation of discrete bands in the electronic structure plots. Moreover, the electronic structure of NW-V is very distinctive by comparison with the optimized bulk V 2 O 3 structure, as there are many differences present in the electronic structures in Figure 7 and Figure 3 , respectively. Although there is a dominant contribution from vanadium around the Fermi level, which is similar to bulk V 2 O 3 , we believe that the semiconducting behavior observed in the electronic structure data for NW-V is a consequence of the rearrangement of the oxygen atoms towards the surface and their interaction with the V atoms. Thus, as we will see with NW-O1, the surface plays a crucial role in determining the ensuing electronic behavior of V 2 O 3 nanowires.
b. NW-O1
As with NW-V, following relaxation, the core of the nanowire structure in NW-O1 is compressed towards the center. This is confirmed by the decrease in radius from 6.09 Å to 5.63 Å after relaxation, which corresponds to a 7.6% radial decrease. However, this structure is dramatically different in that the oxygen atoms on the surface appear to be expanding out from the center, forming a more pyramidal or bent geometry, thereby causing them to protrude further from the core of the nanowire. Additionally, Table 3 shows that the surface charges for NW-O1
are also significantly lower by comparison with NW-V, an observation emphasizing the stability of the V 2 O 3 nanowire comprised of O-terminated surfaces.
In the analysis of the electronic structure of NW-O1, it is clear that this wire also results in a very different electronic structure from that of as-constructed nanowires, and rather closely resembles the relaxed NW-V electronic structure. Figure 7 shows that the relaxed NW-O1 structure also yields a small indirect semiconducting gap present around the Fermi level of ~ 3.2 meV. Moreover, the bands present around the Fermi level appear to be discrete from one another, likely an outcome of symmetry breaking to a similar extent that was observed for NW-V, as evidenced by the relatively larger gaps in the electronic structure for NW-O1. Since the oxygen atoms contribute very little to the electronic structure in this range, the observed semiconducting gap can clearly be ascribed to a lack of electronic states from the vanadium atoms. One question still to be addressed is whether the origin of the band gap is symmetry induced or if it is a pure intrinsic effect, associated with the surface termination and reconstruction of this nanowire. We believe that the oxygen surface termination is a necessary condition for achieving semiconducting behavior in the wire. The reason for this assertion is that the bands around the Fermi level of this termination are much less dispersive than V bands. While disorder might play always present in these structures.
c. NW-O2
Consistent with the other two nanowire structures, NW-O2 is also compressed in the xy direction upon relaxation. However, the change is not as drastic as the former two, as evinced by the slight radial decrease (e.g. 2.2 %) from 6.68 Å to 6.53 Å. More importantly, the length of the surface V-O bonds has decreased drastically to 1.59 Å, which is well within the accepted lengths for V=O groups. Thus, we have shown that relaxing the constructed nanowires has produced a more chemically stable surface termination as these bonds now model a closed-shell system.
Moreover, the surface charges on the oxygen atoms are similar to those of NW-O1.
Analysis of the electronic structure in Figure 7 for the relaxed NW-O2 structure reveals a drastically different set of bands as compared with that associated with both relaxed structures for NW-V and NW-O1, as well as with the as-constructed NW-O2 nanowire shown in Figure 6 .
Unlike NW-V and NW-O1, there is no gap around the Fermi level, which clearly evinces a metallic band structure which is highly reminiscent of the electronic structure calculated for the optimized bulk V 2 O 3 structure in Figure 3B . Although NW-O2 is shown to be metallic, the bands around the Fermi level are still dominated by the vanadium atoms. These data reaffirm the importance of the oxygen surface construction about the outer vanadium atoms; in effect, the presence of V = O groups appears to make NW-O2 metallic in nature.
Based on these results, we can easily conclude that the NW-O2 surface construction is bulk-like in behavior and is not consistent with our previous experimental data on as-synthesized 
iii. LSDA results with relaxed NW-V, NW-O1, and NW-O2 nanowires
In order to investigate the applicability of the V 2 O 3 nanowires for spintronics applications, we repeated calculations on our optimized nanowire structures with the inclusion of spinpolarization within the LDA algorithm. The corresponding results are shown in Figure 8 . It is clear that all three nanowires are in fact spin polarized, as evidenced by the magnetization values shown in Table 3 . By comparison with their non-spin polarized counterparts (Figure 7) , the electronic results are drastically different. In the case of NW-V and NW-O1, the nanowires are shown to be half-metallic in nature. Specifically, the majority spin component is metallic, whereas the minority spin analogue is semiconducting with gaps present near the Fermi level, as evidenced by the DOS results. The NW-O2 system behaves differently as compared with the other two nanowire systems. In this case, the majority spin component is metallic in nature, but there is no corresponding semiconducting gap present in the minority spin element. However, a more detailed study of the bands close to the Fermi level from the minority spin scenario shows the potential to have created a gap so as to induce spin-polarization for this nanowire structure.
Not surprisingly, all the DOS results have shown that the vanadium atoms heavily dominate the electronic states about the Fermi level, which is an observation consistent with our non-spin polarized calculations on V 2 O 3 nanowires.
iv. LSDA+U results with relaxed NW-O2 nanowire
Though the LSDA calculation results of our NW-O2 nanowire suggest that it is a metal, our experiments predict high O concentration at the nanowire surface. Therefore, we performed LSDA+U calculations on NW-O2 without magnetic ordering. We chose 'U' to be 3.43 eV, the same value used by Kresse et al. 42 Figure 9A and B, show that small bandgaps are present. Specifically, the majority spin has a ~ 104 meV gap, while the minority spin has a 2.047 eV gap (see Table 3 ). These results agree very well with our experimental observation that the nanowire is semiconducting in nature.
IV. Surface Experimental Verification of Theoretical Results
V 2 O 3 nanowires were synthesized following a protocol previously developed by one of our groups. 45 First, an aqueous solution of V 2 O 5 is mixed with KOH and hydrazine, followed by a pH adjustment to ~ 3 by dropwise addition of HCl. The reaction mixture is hydrothermally treated at 150°C for 48 hours, producing VO 2 nanorods. These as-synthesized VO 2 nanorods are then heated at a ramp rate of 30°C/min to 700°C and subsequently held for 1 hour in a reducing atmosphere (Ar / H 2 ) to form V 2 O 3 nanowires.
Powder samples for X-ray diffraction (XRD) analysis were prepared by forming a slurry via sonication in absolute ethanol (Acros Organics, 99.5+ %), deposited onto glass slides, and dried. The analysis was conducted using a Scintag diffractometer operating in the Bragg configuration using Cu Kα radiation (λ = 1.54 Å) scanned over a range of 20° to 80° in 2θ with 1° step size. Sample preparation for SEM and nano-Auger electron spectroscopy characterization was conducted by dispersion of the as-prepared product in ethanol followed by evaporation onto a silicon wafer. The morphology and sizes of the final products were investigated using a Hitatchi S-4800 FE-SEM. Nano-Auger electron spectroscopy was performed using an Omicron Nanotechnology system equipped with an ultra-high vacuum (UHV) FE-SEM and Auger electron analyzer, with excitation of the Auger electrons achieved using a focused SEM electron beam (10 keV, 100 pA).
Results
The resulting XRD pattern for the as-prepared sample could be indexed to the corundum- Figure S4) .
In order to compare theoretical results on the surface termination effects with respect to actual experimental data, we probed the nanowire surface with nano-Auger electron spectroscopy to determine elemental composition. Nano-Auger detected the presence of both vanadium (437 and 473 eV) and oxygen (514 eV) on the external nanowire surface ( Figure   10 ),with minor shifts in peak locations observed. However, this is consistent with the difference in the oxidation state of the vanadium in V 2 O 3 with respect to pure vanadium. 56 As the sample was stored in a glove box and subsequently moved to the UHV SEM system for analysis, the likelihood of other oxygen-containing adsorbates is significantly decreased, thereby rendering the ratio of the O: V (514: 437 eV) peaks more reliable for stoichiometric measurements. In our spectrum, the intensities of these two peaks were determined to be 1.93: 1, which is slightly higher than the expected value for V 2 O 3 . 57 Since XRD analysis confirmed the presence of pure V 2 O 3 with no impurities, the O: V ratio suggests that there is a higher oxygen content at the surfaces of the nanowires. This experimental observation is in agreement with our theoretical results. Hence, it is highly likely that the as-synthesized V 2 O 3 nanowires are oxygen-terminated.
In conclusion, we have presented here a detailed study 58 of the electronic and atomic structure of three different surface-terminated V 2 O 3 nanowires and performed a detailed comparison with the bulk V 2 O 3 system. Our study has paid detailed attention to the role of electronic correlations, as described by the LDA+U approximation. Both spin polarized and nonspin polarized calculations have been performed. We have shown that the electronic structure nature of the V 2 O 3 nanowire system is much more complex than its bulk counterpart, and it is strongly dependent on the surface termination of the structures.
Specifically, our results show that non-spin polarized LDA calculations of <001> grown nanowires are metallic in nature. However, LSDA predicts some surface terminations to be halfmetals, with a large band gap opening for one of the spins. When LSDA+U was used to study the nanowire model with a closed-shell oxygen surface termination, we observed insulating behavior with no net magnetic moment in V coupled with a 104 meV band gap. This result is consistent with the experimentally observed gap recently reported in the literature for similar wires by one of our groups. 45 In addition, analysis of as-synthesized V 2 O 3 nanowires via nanoAuger electron spectroscopy demonstrated a larger O (514 eV): V (437 eV) peak ratio than expected for bulk, suggesting that the oxygen content is higher at the surfaces of the nanowires.
We can therefore reasonably conclude that the as-synthesized V 2 O 3 nanowires are oxygenterminated and that this termination is the most stable among all other credible possibilities. 
